Abstract To obtain the best must quality, winegrowers must harvest uniform batches of grapes, thus they might define sub-units of the vineyard and treat them as separate management units for cultivation and harvest. The objectives of this work were to determine if there were variations of soil properties that could be arranged into different units of relative uniformity and separated from each other by discrete boundaries, and if there was a significant relationship between those units and the vegetative development and yield components of the grapevines. A soil index that is a linear combination of four soil characteristics was constructed and an interpolation method allowed the definition of soil areas with relative uniformity. These areas were significantly correlated with the vine growth that, in turn, had a significant correlation with the yield components of the vines. This methodology might prove useful to define areas within vineyards where the vegetative development and yields warrant a differentiated management within the vineyard.
Introduction
Wine grapes are one of the most extensively cultivated crops in the world. It is a high-value crop and any investments in crop management and harvest practices can lead to improvements in the quality of the end-product. Growers strive to harvest batches of berries that have uniform characteristics of flavor and color because it is favorable for producing the best quality, and thus economically more valuable, wines. However, it is well known that environmental differences within the vineyard influence the vine development that imparts within-field variations on grape characteristics and crop yields. To obtain the desirable uniformity at harvest, the grower might define sub-units of the vineyard that correspond to areas of uniform characteristics of the berries and treat them as separate management units for cultivation and harvest (Proffit et al. 2006) .
In Spain, most vineyards have small areas (Secretaria General Técnica 2009) that do not encompass any significant variation in their micro-climate, many are planted with the same variety and rootstock, and are subjected to uniform management practices. Nevertheless, within-field variation of the crop still arises and this is most likely due to different soil properties that are spatially dependent (Bodin and Morlat 2006b; Reynolds et al. 2007) . Understanding the variability of soil properties and its relationship with crop development and production is fundamental for defining separate units and their efficient management (Ayoubi et al. 2009 ).
Geo-referenced soil sampling and laboratory analysis permit the quantification of the variability of soil properties (Adamchuk et al. 2007 ) and together with interpolation methods are used to describe their spatial variation (Pozdnyakova et al. 2005) . These techniques are mathematical formulations of the variation of soil properties that minimizes the prediction error for the observed variables and provides confidence in predictions for the un-sampled locations (Corstanje et al. 2006) .
Determining which soil properties to use in defining separate units of relative uniformity is a complex process due to interactions among various factors that affect the grapevine development. Soil organic matter content for its effect on soil physical, chemical, and biological processes is often considered an important factor (Wu et al. 2008; Adekayode et al. 2009 ). Other soil properties with strong influence on the grapevine development and production were cation exchange capacity (Ping et al. 2008) , clay fraction and soil depth (Bodin and Morlat 2006b) . It is also feasible to use a mathematical combination of the values of a set of soil properties to build a single continuous variable (Ortega and Santibáñez 2007) .
The determination of units with soil properties that are relatively homogeneous and delimited by discrete boundaries is useful if a real cause and effect can be established between the soil characteristic and the crop development (Vrindts et al. 2005) . Several authors have shown that soils have both direct and indirect impacts on root growth, photosynthesis and shoot growth of grapevines; diverse soil types are also associated with the vines vigor and have a measurable effect on berry, must and wine compositions (Cortell et al. 2005; Reynolds et al. 2007; Andreas-de Prado et al. 2007) .
The objectives of this work were (a) to determine if there were within-field variations of soil properties that could be arranged into different units of relative uniformity and separated from each other by discrete boundaries, (b) to determine if there was a significant statistical relationship between those units and the vegetative development and yield components of the grapevines.
Materials and methods
The experimental field was located in a five hectare commercial vineyard, planted in 1990 with Vitis vinifera L. cv. Tempranillo, at Logroño (42°28 0 44 00 N, 2°29 0 35 00 W, 493 m), in the wine-producing region of La Rioja (Spain). The rainfed vineyard was planted with 2.8 m between rows and 1.20 m between plants in the row. The vines were grafted on 110R rootstock and they were trained to a vertical shoot position trellis system on a double cordon Royat. They were spur pruned to twelve buds per vine and all water shoots were pulled out in the spring. Standard cultural practices and management of vineyards in Denomination of Origen Rioja were followed. The vineyard area was a 7% linear concave slope facing southeast, and its soil is an Inceptisol with three sub-divisions: Petrocalcic calcixerept, Typic calcixerept, and Calcic haploxerept (Soil Survey Staff 2006) .
A visual assessment of the geo-morphological features of the terrain was carried out to estimate potential areas of differentiated soils, and a grid of thirteen geo-referenced points was drawn across the vineyard to locate the sites where the soil profiles were dug. Each soil profile was described and its horizons were sampled for the laboratory chemical and physical analyses (Klute 1986; Sparks 1996) .
Four numerical soil properties were selected-(i) thickness of the top layer that contained 80% of the visible roots; (ii) the average in that layer of organic matter content; (iii) clay fraction; (iv) cation exchange capacity. These properties, treated as continuous variables, were linearly combined to create a single continuous variable that was defined as the soil index (SI):
where SI x is the soil index at the geo-referenced position x, x i is the relative weight for the standardized variable Sv ix at position x.
The variables with higher coefficient of variation (CV), thus with large variability in the field, have a larger weight in the linear combination and the relative weight of variable i is calculated as:
where CV i is the coefficient of variation of variable i. The value of the standardized variable at position x is:
where v x is the value of the original variable at position x, v and SD v are, respectively, the average and the standard deviation of the original variable for the whole field.
Soil index values were point data with the spatial attribute for the location recorded along with its central co-ordinates. A natural neighbor interpolation (Sibson 1981 ) was used to derive SI values at un-sampled positions from the calculated field data. The capabilities of the Surfer software (Surfer Mapping System V.8, 1993 -2002 Golden Software Inc., CO, USA) was used to calculate the interpolations and draw the contour lines of equal SI across the field map. This mathematical approach permitted the creation of a surface map with a number of sub-areas, with discrete boundaries, that are considered uniform with regard to SI. The sub-areas must have the following properties-(i) each SI average is significantly different from the others, (ii) they are the least fragmented, (iii) their boundaries are sharply drawn, and (iv) there is no disproportionate sizing among them.
A grid of 85 points, equally spaced, was drawn across the area to locate the position of three adjacent grapevines that were sampled at veraison (10 August 2008) for length of primary shoots and total shoot length (primary plus lateral shoots) (Martinez de Toda et al. 2007) , total leaf area and exposed surface area of the canopy (Smart and Robinson 1991) . At harvest (8 October 2008), the same plants were sampled for grape cluster weight, grape yield per plant, and berry weight obtained from batches of 150 berries each one coming from one vine. All variables were averaged over three plants at each point.
The relationship between the soil index and vegetative and productive variables was studied by analysis of variance and correlation (Pearson correlation, 2-tailed) using a SPSS statistical package (SPSS Inc 2002 SPSS for Windows, Rel. 11.5.0., Chicago, IL, USA).
Results
A graphical representation of the natural neighbor interpolation of SI is presented in Fig. 1 . The vineyard area was divided into four sub-areas that satisfied the criteria defined in material and methods. Each sub-area is limited by the field boundaries and chosen contour lines that encompassed, successively, the SI quartiles. These sub-areas, named hereafter as Units, were numbered sequentially in roman numerals from I to IV. The descriptive statistics of SI for each Unit is presented in Table 1 .
The average SI value of 0.6873 for Unit I, located on the footslope of the vineyard, represents an area were the grapevines expand their roots over a thicker layer of soil with higher content of soil organic matter, larger clay fraction and larger cation exchange capacity (Table 2) . Unit IV is located on top and shoulder of the slope and it has an average SI of -0.7189 that represents the opposite soil characteristics described for Unit I. The SI averages 0.3304 and -0.2229, respectively, for Units II and III that are located on the back-slope where the soil characteristics are transitional between those of Unit I and IV. A description of the soil profile with SI of 0.0303, the profile corresponding to the soil with SI closest to zero and representing the average for the entire area, is presented in Fig. 2 . The variables representing the vegetative development of the grapevines at veraison showed significant relationships with the soil units. The length of the primary shoots and the total shoot length had a highly significant difference (P \ 0.01) among Units (Fig. 3) . The mean separation indicated no significant difference between Units II and III but the data suggests a negative gradient from Unit I to IV. The total leaf area (Fig. 4) decreased from Unit I to Unit IV where Units II and III did not show a significant difference between them. Figure 4 also shows a decrease in exposed surface area from Unit I to IV but no significant differences were found between Unit I and II, or Unit II and III. Larger mean values for these two variables translate into more voluminous canopies, thus hedge rows that are wider and higher. Variables that define the canopy development have a highly significant and positive correlation with soil index (Table 3) ; more fertile soil corresponding to higher SI supports plants with more developed canopies.
The relationships between the yield components and the Units are also clearly defined. Figure 5 shows that yield per plant have a negative trend from Unit I to IV with no significant difference between Units II and III. Plants located in Unit I produced about 3 kg per plant and those in Unit IV about 1.4 kg. The effect of soil groups on mean cluster weight per vine and average weight of 150 berries can be seen in Fig. 6 where there are significant differences between Units I and II and Units III and IV. Plants in Unit I had clusters with about 0.32 kg and those in Unit IV weighted less than 0.10 kg. Heavier clusters were related to larger berries as is evident from Fig. 6 . It is important to notice that the variables studied had a higher mean value for Unit I then decreasing gradually towards Unit IV following the similar pattern of soil fertility.
Yield components were related among themselves where yield per plant had a highly significant correlation with cluster weight (0.662), and a significant correlation with berry weights (0.278) ( Table 3 ). The analysis underlying this table indicates a positive influence of the vegetative growth of the grapevines on their production. The length of the primary shoots had a positive and significant correlation with yield per plant (0.228) and with cluster weights (0.289), and total shoots length was significantly correlated with cluster weight (0.289) but not with yield. There was a similarity for total leaf area that was significantly correlated with the yield per plant (0.221) while the exposed surface area correlated significantly with cluster weights (0.238). It is important to notice the positive and highly significant correlations between the yield components and the SI showing that the more productive plants are located in soils with higher fertility. 
Discussion
A soil index that is a linear combination of four soil characteristics (thickness of the top layer that contained 80% of the visible roots, and the average in that layer of organic matter content, clay fraction, and cation exchange capacity) and its natural neighbor interpolation to derive values at un-sampled positions allowed the definition of soil areas over the sloping vineyard of this study. These areas were large enough and sufficiently dissimilar from the areas surrounding them to warrant drawing sharp boundaries that define their shape and size (Simbahan and Dobermann 2006) . Soil properties are often distributed within fields in a manner that is possible their statistical description and analysis (Warrick Precision Agric (2011 Agric ( ) 12:762-773 769 et al. 1986 ) and the variability of soil factors contributes to variability in crop performance (McKinion et al. 2010) . The natural neighbor interpolation performs well with irregularly distributed data (Ledoux and Gold 2005) , such as soil properties, and produce smooth interpolations (Boissonnat and Cazals 2001) . The soil on the top and shoulder slopes supported plants that tended to have shallower rooting systems and grow on a medium with lower organic matter content, smaller clay fraction and weaker cation exchange capacity. Moving down the slope, the values for these variables increased till reaching their highest ones at footslope. This variation is expected in soils developing along a catena where the dominant factor of soil formation is the slope (White 2006) . This development creates soils that are more fertile and with higher water holding capacity at the bottom while higher on the slope fertility decreases and potentially less water is available (Hillel 1998) .
Other authors have shown that there are significant differences in soil properties within single vineyards and they affect growth and development of the vines (Hall et al. 2002; Johnson et al. 2003; Taylor and Bramley 2004) . The results of this study show a relationship between the soil variability and the vegetative development of the vines and the trend of decreasing development from Unit I to Unit IV is consistent.
The growth of the shoots is strongly affected by soil conditions and they grow longer where soils are more fertile and can hold more water (Tardaguila 1996; van Leeuwen et al. 2004; Reynolds et al. 2007) . In this study, the primary shoots length and the total shoot length at veraison were significantly longer in Unit I than in Units II and III and shortest in Unit IV, corresponding to decreasing potential fertility and water holding capacity. Vines with longer primary shoots have more secondary shoots and more leaves and the vine hedges grow higher and wider. Thus, longer shoots resulted in increases in both the leaf area per plant and the exposed surface area, variables that had decreasing values from Unit I to Unit IV. Shoot length, leaf area, and exposed surface area are significantly and positively correlated with SI, thus soil variability is probably the main factor affecting the canopy size. These results show that, in general, the canopies grow larger from the top of the slope to the footslope following the soil variation defined by the soil index and its interpolation.
In this study, the mean values for each yield component did have a significant difference among the soil units and they correlated significant and positively with variables that define the canopy development. These positive relationships are related to the distribution of leaf and non-leaf surfaces influencing light interception and subsequent carbon assimilation, have been reported by several authors (Schultz 1995; Miller and Howell 1998; Reynolds and Wardle 2001; Bates 2008) . Others have found that water and nutrient holding capacity of soils can influence the yield of the vines (van Leeuwen et al. 2004; Bodin and Morlat 2006a; Reynolds et al. 2007 ), but for a given season the effect of climate is more important to determine the yield than the soil characteristics (van Leeuwen et al. 2004; Girona et al. 2006) . Grapevines, such as the ones of this study that were planted 20 years ago, might develop persistent spatial variability in yield in response to edaphic factors as reported for other perennial crops (Pozdnyakova et al. 2005) . Soil characteristics and the vegetative development of the vines have an influence on berry composition (Johnson et al. 2003; Reynolds et al. 2007 ; Andreas- de Prado et al. 2007 ) and this study also found significant relationships among yield components that have an influence on berry composition (Musingo et al. 2005; Pilar et al. 2007 ), but this is beyond the scope of this study and will be addressed in another report.
Conclusions
A continuous variable called soil index, that was a linear combination of important soil characteristics defining fertility and water holding capacity, was interpolated by the method of natural neighbor to extract data for un-sampled locations of a vineyard area. The method identified and defined areas of relative soil uniformity that were significantly correlated with the vine development that, in turn, had a significant correlation with the yield component of the vines. This methodology might prove useful to define areas within vineyards where the vegetative development and yields warrant a differentiated management within the vineyard.
